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Although natural disturbances are inherent in any ecosystem, they can be hazardous to 24 
the local residents, indicating that it is necessary to mitigate these disturbances as much 25 
as possible appropriately. There has been an increased interest in taking advantage of 26 
ecosystem functions for disaster risk reduction (Eco-DRR) as future infrastructure 27 
because of the lower introduction, maintenance costs, and the additional ecosystem 28 
services. Previous studies have suggested that intact ecosystems have a higher tolerance 29 
and/or resilience to natural disturbances. However, fully intact ecosystems have been 30 
decreasing rapidly worldwide. This study evaluates the functions of semi-natural land, 31 
namely, paddy fields, which is one of the typical agricultural land uses of monsoon Asia 32 
to reduce the societal damages of natural disasters. As semi-natural land is sometimes 33 
located close to or is similar to the original intact habitat, it could play a role in reducing 34 
flood disasters. In particular, paddy fields could be seen to be similar to intact wetland 35 
habitats, most of which have disappeared in recent decades due to development. To test 36 
this idea, the relationships between flood disasters and paddy fields with location 37 
condition in inland regions of central Japan were evaluated. We used flow accumulation 38 
value (FAV) as an index of intact wetland habitat; particularly, we considered that high 39 
FAV area might be previously natural wetland. Thus, paddy field located at high FAV 40 
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values are considered similar to intact wetland habitats. Results showed that paddy 41 
fields located in high FAV areas were able to significantly reduce flood frequencies, 42 
occurrences of landslides, and debris floods. These results suggested that semi-natural 43 
land close to or on their natural habitats could function as intact ecosystems and provide 44 
Eco-DRR function as ecosystem services. These types of semi-natural land could be 45 
employed as green infrastructure to provide several extensive ecosystem services. 46 
 47 
Key words: Eco-DRR; ecosystem service; green infrastructure; paddy field; wetlands. 48 
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1. Introduction 51 
Natural disturbances such as floods, landslides, wildfires, and droughts are inherent 52 
events in any ecological system. However, because of their potential to become natural 53 
disasters, they are often hazardous to local communities (Kobayashi and Mori, 2017; 54 
Munang et al., 2013; Reice, 2003). Disaster risk reduction (DRR) research has been a 55 
long-standing research focus in many countries of the world to reduce the effects on 56 
populations and infrastructure (Alexander, 2013; Dudley et al., 2015; Mercer, 2010). 57 
Unfortunately, recent climate change increases the frequency and intensity of natural 58 
disturbances (Easterling et al., 2000; Martin and Watson, 2016; Munang et al., 2013; 59 
Nakamura et al., 2019). Thus, extraordinary disturbance events were observed (Lytle 60 
and Poff, 2004; Nakamura et al., 2019), which are difficult to prevent by conventional 61 
strategies such as establishing disaster prevention equipment (Nakamura et al., 2019; 62 
Onuma and Tsuge, 2018). Therefore, in recent years, extant research have strongly 63 
suggested to shift to adoptive strategies for disturbance events (Lytle and Poff, 2004; 64 
Nakamura et al., 2019).  65 
There has been a growing interest in the role of natural ecosystems in reducing 66 
the frequency and severity of natural disasters, the subsequent benefits to local 67 
communities (Dudley et al., 2015; Sudmeier-rieux et al., 2013) and the potential role of 68 
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ecosystems in DRR (Eco-DRR) (Furuta and Shimatani, 2017; Martin and Watson, 2016; 69 
Nakamura et al., 2019; Scarano, 2017). Green infrastructure (GI), which has been 70 
defined as all-natural, semi-natural, and artificial networks of multifunctional ecological 71 
systems within, around, and between human residential communities on all spatial 72 
scales (Tzoulas et al., 2007a), is strongly related to Eco-DRR (Furuta and Shimatani, 73 
2017; Nakamura et al., 2019; Onuma and Tsuge, 2018), which has been attracting 74 
increased attention as a DRR substitute owing to its low introduction and maintenance 75 
costs and its provision of other ecosystem services (Onuma and Tsuge, 2018). Although 76 
GI’s definition means different things to different people depending on the context 77 
wherein it is used (Benedict and McMahon, 2006), the use of GI for Eco-DRR has 78 
become an area of challenging idea as adaptive strategy for climate related disturbance 79 
events (Munang et al., 2013; Nakamura et al., 2019; Reyers et al., 2015; Sudmeier-rieux, 80 
2016). 81 
Martin and Watson (2016) claimed that intact ecosystems could potentially be 82 
used to protect against the effects of climate change, and other previous studies have 83 
suggested that intact ecosystems have a high tolerance and/or resilience to natural 84 
disturbances (Bradshaw et al., 2007; Ferrario et al., 2014). Based on this idea, it is 85 
predicted that intact ecosystems could potentially provide highly efficient Eco-DRR. 86 
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Unfortunately, over the past few decades, many intact ecosystems in the world have 87 
been lost or have been severely degraded (Foley et al., 2005; Watson et al., 2016); 88 
however, urbanised and semi-natural areas such as farmland have been increasing 89 
(Angel et al., 2005; Foley et al., 2005). Using such semi-natural areas as GI for 90 
Eco-DRR is a realistic way for applying the idea on adaptive strategy in the practical 91 
field. Thus, this study focuses on the possible use of semi-natural land as the GI for 92 
Eco-DRR as it may have a similar or the same ecosystem functions as the original intact 93 
ecosystem. 94 
Paddy fields are a typical semi-natural land use for rice cropping agriculture in 95 
monsoon Asia and have several ecosystem functions and services other than rice 96 
production (Matsuno et al., 2006; Natuhara, 2013; Yoon, 2009). For example, paddy 97 
fields provide a habitat for several wetland species (Katayama et al., 2015; Natuhara, 98 
2013; Yoon, 2009) as well as several other functions such as flood control (Matsuno et 99 
al., 2006; Natuhara, 2013). Matsuno et al. (2006) reviewed previous studies on 100 
ecosystem functions of paddy field other than rice production in Japan, and summarised 101 
the achievements. It has been found that paddy fields could have valuable flood control 102 
functions such as rising the water storage capacity of river basins, lowering the peak 103 
flow of rivers, and increasing groundwater recharges (Matsuno et al., 2006), all of 104 
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which could help mitigate flood disaster risks. However, there have been few studies 105 
that have directly evaluated the flood DRR potential of paddy fields. 106 
Paddy fields in Japan occupy much of Japan's coastal plain (Natuhara, 2013). 107 
Paddy field in monsoon Asia including Japan was mainly originate from floodplain 108 
(Washitani, 2007) which is characterised by both spatial and temporal heterogeneity 109 
(Middleton, 1999). Thus, there are a variety of previous (original) habitats among 110 
current paddy fields. That imply some of paddy fields have high valuable ecosystem 111 
functions including flood control functions and some of do not have that. Additionally 112 
in recent years, many agricultural lands in Japan have been abandoned (Osawa et al., 113 
2016a, 2013), which could have both positive and negative effects on the land's 114 
ecosystem functions (Benayas et al., 2007; Osawa et al., 2013). Although there has been 115 
no specific evidence, land abandonment could reduce the paddy fields' flood control 116 
functions. Therefore, clarifying the function of flood risk reduction of paddy fields with 117 
their conditions is important to assess their use as GI for Eco-DRR in terms of land use 118 
planning, flood risk reduction and the prevention of land abandonment. Land use 119 
planning has been found to be a practical way to implement GI (Benedict and 120 
McMahon, 2006) even in urban areas (Tzoulas et al., 2007b). 121 
In this study, the relationship between flood disasters and paddy fields with 122 
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their location conditions was examined to assess their potential DRR functions. It was 123 
predicted that paddy fields, especially those in concave areas, could effectively reduce 124 
the severity of floods because these areas closely mimic wetland habitats. According to 125 
previous studies, wetlands have effective flood reduction functions (Hey and Philippi, 126 
1995; Nakamura et al., 2019; Nicholls et al., 1999). Therefore, abandoned paddy fields 127 
could revert to forests or arid land, neither of which might be effective for DRR. 128 
Additionally, we try to find the simple, effective indicator on Eco-DRR namely paddy 129 
field in concave areas. Because studies with complexity could be widening the gap 130 
between science and practice, regardless of whether a study is focusing on social 131 
problem-solving (Osawa et al., 2019; Reyers et al., 2015; Smajgl and Ward, 2013). 132 
Therefore, to find the paddy fields which located concave areas, we used elevation 133 
based terrain factor because this types of parameter could reflect the wetland formation 134 
process, relatively easy to get and use, and have high availability as making indicators. 135 
On the basis of the results, we discussed the floods control functions of paddy fields and 136 
the location conditions of that, potential of Eco-DRR Japan. 137 
 138 
 139 
2. Materials and Methods 140 
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2.1. Study region 141 
This study was conducted in 152 municipalities in the Saitama, Tochigi, and Gunma 142 
prefectures in Japan, none of which border the sea (Fig. 1) to avoid flood damage from 143 
the sea, such as tsunamis as this study was focused only land-based flood disasters. 144 
 145 
2.2. Flood and natural disaster data 146 
Government flood statistics from 1961 and digital data from 2006 to 2017 were 147 
extracted from the Ministry of Land, Infrastructure, Transport and Tourism 148 
(https://www.e-stat.go.jp/stat-search/files?page=1&toukei=00600590&result_page=1, 149 
accessed at 4, Mar., 2020), which covered the areas that had suffered floods, the number 150 
of damaged buildings and the cost per year in each municipality. If there was no flood 151 
damage in the municipality in a year, the value was 0. Using this data set, the number of 152 
floods in each municipality from 2006 to 2017 was determined; therefore, the maximum 153 
value was 11 and the minimum was 0. As some municipalities were merged at some 154 
time between 2006 and 2017, those that did not have data for the complete study term 155 
were eliminated from the data set. There were 4.86 ± 2.98 (Mean ± S.D.) flood events 156 
from 2006 to 2017 in the target municipalities (Table 1).  157 
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Statistics on flood-related disasters namely landslides and debris floods were 158 
collected from the National Land Numerical Information (National Land Numerical 159 
Information download service: http://nlftp.mlit.go.jp/ksj-e/index.html, accessed at 4, 160 
Mar., 2020), which provided landslide and debris flood data from 2006 to 2009 mapped 161 
onto 5 km square grids. From these data and the flood occurrence municipal data, these 162 
two types of flood-related disasters were matched to each municipality. The number of 163 
these disasters for the 4 years from 2006 to 2009 i.e., frequency was ignored because 164 
most disasters only occurred once during this time. Thus, we used occurrence (0/1) of 165 
landslides and debris floods during the selected four years. As presented in Table 1, 166 
there were only small landslides (0.17 ± 0.38) and debris flood occurred (0.13 ± 0.33) 167 
during 2006 to 2009. 168 
 169 
2.3. Disaster prevention infrastructure data 170 
The number of dams in each municipality was taken as an index for artificial disaster 171 
prevention infrastructure (grey infrastructure), the data for which were also extracted 172 
from the 2014 National Land Numerical Information survey (National Land 173 
Information Division, MLIT of Japan: http://nlftp.mlit.go.jp/ksj-e/index.html, accessed 174 
at 4, Mar., 2020). Generally, it is believed that dams can reduce natural disasters such as 175 
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floods, landslides, and debris flows. Only dam numbers were used; that is, the size and 176 
dam types (disaster prevention, irrigation, and electricity generation) were not 177 
considered in this study. 178 
 179 
2.4. Land use and terrain data 180 
A digitised land use and land cover map were prepared, with the land utilisation 181 
represented with segmented mesh data from 2009 to match the collected flood statistics 182 
(2006 to 2017 and 2006 to 2009) from the National Land Numerical Information 183 
(National Land Information Division, MLIT of Japan: 184 
http://nlftp.mlit.go.jp/ksj-e/index.html, accessed at 4, Mar., 2020). Land cover data were 185 
developed using both topographic maps and satellite imaging data, with the land use 186 
labelled based on nationwide land usage classifications, such as paddy fields, dry 187 
farmland, orchards, forests, waste areas, building use (i.e., urban area), trunk 188 
transportation lands and lakes and rivers (i.e. open water), at about a 100 m grid 189 
resolution (National Land Information Division, MLIT of Japan: 190 
http://nlftp.mlit.go.jp/ksj-e/index.html, accessed at 4, Mar., 2020). The analysis covered 191 
four main land use classes: (1) paddy fields, (2) forests, (3) urban areas, and (4) open 192 
water areas. The land use categories 2–4 were also analysed as forest, which is the 193 
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dominant land cover in Japan that could potentially be seen as green infrastructure 194 
(Kobayashi and Mori, 2017; Li et al., 2017; Roering et al., 2003). Urban areas 195 
(concreted areas) with small infiltration could cause floods and suffer significant 196 
damages owing to floods, and open water areas such as lakes, rivers, and ponds could 197 
be directly related to water storage. Additionally, floods could occur by spill over from 198 
these areas. 199 
A flow accumulation value (FAV), which was determined by accumulating the 200 
weights of all cells that flowed into each downslope cell, was used to define the concave 201 
areas (ESRI https//pro.arcgis.com/ja/pro-app/tool-reference/spatial-analyst/ 202 
how-flow-accumulation-works.htm, accessed at 4, Mar., 2020). High FAV areas 203 
comprise areas of concentrated flow and can be used to identify stream channels and is 204 
thus often used for predicting drainage network for runoff analysis (Jenson and 205 
Domingue, 1988; López-Vicente et al., 2014). In other words, lower elevations and 206 
valley areas had a higher FAV as they could possibly store larger quantities of water 207 
(Jenson and Domingue, 1988). High FAV without open water could become wetlands 208 
whereas higher ridge areas had low FAVs could not become wetland (Fig. 2). We used 209 
FAV to define the concave areas in our study because this value could reflect water 210 
accumulation from upper to lower areas (Jenson and Domingue, 1988), which strongly 211 
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relate to the natural wetland formation process. The FAV was calculated using ArcGIS 212 
10.5 with spatial analysis (ESRI, Redlands, CA, USA) using a 50 m digital elevation 213 
model from the Japanese Map Center (http://www.jmc.or.jp/, accessed at 4, Mar., 2020). 214 
 215 
2.5. Land cover with potential water storage 216 
Total FAVs were calculated for each municipality, after which the FAV and land cover 217 
maps were overlaid and FAVs were calculated for paddy fields, forests and urbanised 218 
areas to determine the potential water storage in each land cover. If the FAV of one land 219 
cover type was extremely high within a municipality, it was predicted that this land 220 
cover was mainly responsible for the municipal ground water. 221 
 222 
2.6. Statistical analysis 223 
The number of floods from 2006 to 2017 in each municipality was tested using the mix 224 
effects model based on hierarchical Bayesian model (Hobbs and Hooten, 2015; Wikle, 225 
2003) with Poisson distributions (log link). We used the FAVs for paddy fields, forests, 226 
urban areas, and total municipality areas; open water areas and the number of dams in 227 
each municipality being the explanatory variables. The model included random effects 228 
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in each municipality wherein these were both random intercept and random slope 229 
(Hobbs and Hooten, 2015) on FAVs for paddy fields. The model for the number of 230 




where NFm refers to the number of floods from 2006 to 2017 in municipality m; a is the 235 
intercept; r1m is the random intercept of the municipality m; b1 is the coefficient of 236 
FAV for paddy field of the municipality m; r2m is the is the random slope of the 237 
municipality m; b2 is the coefficient of FAV for forest of the municipality m; b3 is the 238 
coefficient of FAV for urban area of the municipality m; b4 is the coefficient of total 239 
FAV of the municipality m; b5 is the coefficient of the open water area of the 240 
municipality m and b6 is the coefficient of the number of dams in the municipality m. 241 
Further, ε is the residual, and r1m and r2m are the random effects that could regulate 242 
the differences of municipality, which could not include the explanatory variables as fix 243 
effects and spatial autocorrelation. The prior distribution of the parameters α, r1-2 and 244 
b1-6 was used as default values on the function “brm” in R (described later). All FAV 245 
variables were log-transformed. We did not use the municipality area because that value 246 
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caused multicollinearity among the explanatory variables. Variance inflation factors 247 
(VIFs) (Dormann et al., 2013) were significant (VIF > 10 on the area of the municipal). 248 
After removing the municipality area, the VIFs were not significant (VIF < 10 for all 249 
variables). 250 
The landslide and debris flood occurrences in each municipality were 251 
determined using mix effects model based on hierarchical Bayesian model with a 252 
binomial distribution (log link). Explanatory variables on fix and random effects were 253 
same to the model of the number of floods. The model for the land slide and debris 254 
flood occurrences is as follows: 255 
 256 
 257 
where LSm is the occurrence of landslide during 2006–2009, and DFm is the occurrence 258 
of debris flood during 2006–2009 in municipality m.  259 
All statistical analyses were performed using R ver. 3.5.1 with package “brms” 260 
ver. 2.9.0, “Rtools” ver. 35 and Stan, which is a C++ package for obtaining full 261 
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Bayesian inference (http://mc-stan.org/). The posterior distributions of all parameters 262 
were estimated using the Markov Chain Monte Carlo (MCMC) method, which is used 263 
to approximate the posterior distribution of a parameter of interest by random sampling 264 
in a probabilistic space. The MCMC method is one of the most frequently used methods 265 
for estimating Bayesian inference (Calder et al., 2003; Ellison, 2004; Iijima and 266 
Nagaike, 2017). We ran three parallel MCMC chains and retained 10,000 iterations after 267 
an initial burn-in of 10,000 iterations. We thinned the sampled values to 20% (namely, 268 
we obtained 2,000 samples as the posterior distributions of each chain). MCMC 269 
sampling was considered to have converged when the “R hat” value became <1.1 270 
(Gelman et al., 2013). We concluded that a coefficient was significantly affected in 271 
terms of the response variable when the 95% credible intervals of that estimated 272 
coefficient did not overlap 0. 273 
 274 
 275 
3. Results 276 
All variables for each municipality are shown in Table 1. The municipality areas, FAVs, 277 
open water area and the number of dams varied significantly from municipality to 278 
municipality, i.e. the standard deviations were larger than the average values (Table 1). 279 
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The hierarchical Bayesian model analyses of the number of floods found that 280 
the FAV for paddy fields was negatively associated, indicating that it could reduce flood 281 
occurrences (Table 2). On the contrary, both FAV for the forests and that for urban areas 282 
were positively associated with the number of floods. These indicated that both forest 283 
and urban areas with large amount of water could cause floods. The FAV for the total 284 
municipality, the open water area and the number of dams in the municipality were not 285 
associated for the number of floods (Table 2). 286 
The hierarchical Bayesian model analyses for both landslide and debris flood 287 
occurrences showed basically the same trends as the flood disasters except the FAV for 288 
the municipality in total and FAV for urban in debris flood (Table 3). The FAV for the 289 
municipality in total was negatively associated with the occurrence of land slide and 290 
debris flows (Table 3), and the FAV for urban was not associated with the occurrence of 291 
debris flood (Table 3). The other results were the same as those for the analysis of the 292 
number of floods (Table 3). 293 
 Fig. 3 shows the frequency of flood and the FAV for paddy fields. It can be 294 
seen that some of the municipality areas with low frequency of floods have large values 295 
of FAV for paddy field. 296 
 297 
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4. Discussion 298 
In this study, the relationship between flood disasters and conditions of the location of 299 
paddy field was determined to evaluate the effectiveness and conditions for Eco-DRR 300 
functions. It was found that paddy fields located in a concave area and that are likely to 301 
have high wetland potential could be effective in reducing the frequency of flood. 302 
Therefore, the prediction that paddy fields and especially those close to or similar to a 303 
wetland habitat, could have an effective flood reduction function was basically 304 
supported. 305 
 Paddy fields located in concave areas could be effective in mitigating flood 306 
frequency. This result indicated that paddy fields could have effective Eco-DRR flood 307 
mitigation functions with conditions of location. This result was not surprising as the 308 
basic paddy field flood control function has been examined in previous studies 309 
(Matsuno et al., 2006). The key result of this study was to confirm the Eco-DRR 310 
functions of semi-natural land use areas that are similar to their original wetland habitats. 311 
Previous studies have found that wetland habitats are able to mitigate floods and 312 
provide flood damage protection (Hey and Philippi, 1995; Nicholls et al., 1999). 313 
However, even though wetlands are known to provide valuable ecosystem functions and 314 
services, in many parts of the world, natural wetlands have been decreasing (Natuhara, 315 
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2013; Nicholls et al., 1999; Nishihiro et al., 2006). Therefore, paddy fields, as artificial 316 
wetlands for food production, could be used for several ecosystem functions (Matsuno 317 
et al., 2006; Natuhara, 2013; Yoon, 2009). Natuhara (2013), for example, found that 318 
although paddy fields had some natural wetland functions, these functions had changed 319 
because of urbanisation, modern rice production and the abandonment of rice 320 
cultivation (Natuhara, 2013). Although it was not possible to evaluate all the causes in 321 
this study, it was found that paddy field at concave geographical areas could provide 322 
flood disaster reduction functions same as wetland and that the geographical conditions 323 
could be used as indicators to find the paddy field with that function. Previous studies 324 
have also suggested that habitat functions are strongly influenced by original land cover 325 
(Koyanagi et al., 2009; Osawa et al., 2016b). Therefore, paddy fields located in what 326 
was previously a natural wetland area could have high quality of habitat as wetland. 327 
This point is worth testing the future study because if we could find that paddy field 328 
located at concave areas have high habitat quality, that paddy field have at least three 329 
important ecosystem services these are food production, flood disaster reduction and 330 
habitat conservation. 331 
 Our results suggested that both forests and urbanised area in concave areas 332 
could possibly increase flood severity because both were positively associated with 333 
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flooding frequency and landslide occurrences. However, forests located in potential 334 
wetland areas might not be natural, particularly as the dominant land cover in Japan is 335 
artificial forest (Ministry of Agriculture, Forestry and Fisheries Japan. 336 
http://www.rinya.maff.go.jp/j/keikaku/genkyou/index2.html). Therefore, some of the 337 
current forest cover could be counter to its original land functions. Also the urbanised 338 
area is perfectly counter to its original land types. These results suggested that our basic 339 
prediction namely semi-natural ecosystem which closely mimic to intact ecosystem 340 
have similar or the same ecosystem functions could apply other ecosystem not only 341 
wetland. Our results also appeared to indicate that forest in areas with a low FAV could 342 
have a flood reduction function. As low FAV areas are basically hilly, they would have 343 
been naturally forested. As is known, forests can significantly reduce the dangers of 344 
shallow landslides and have been found to have valuable Eco-DRR functions 345 
(Kobayashi and Mori, 2017; Li et al., 2017; Roering et al., 2003). Therefore, naturally 346 
occurring forests could have a similar function to wetlands in low FAV areas. This point 347 
is also worth testing the future study. 348 
 The FAV in total municipal area was found to be negatively associated with 349 
both landslide and debris flood occurrences. FAV values tend to decrease in the upper 350 
areas of basin. These results indicated that both landslide and debris flood tend to occur 351 
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at upper areas of basin. FAV for urban was not associated with the occurrence of debris 352 
flood. One possible explanation for this phenomenon is that debris flood could not, or 353 
could rarely, occur in the heavily urbanised area. This interpretation would be 354 
reasonable because debris flood could occur only in upper areas of basin which could 355 
provide the relevant amount of debris. On the contrary, with regard to frequency of 356 
floods, there was no relationship with FAV in the total municipal area. Therefore, flood 357 
itself could occur at any point from upper to lower areas of basin. In fact, Fig. 3 shows 358 
occurrence of flood at both upper and lower basins. 359 
 Grey infrastructure, in our study artificial dams, was found no relationships 360 
with both flood frequency and flood-related natural disasters. One of the main functions 361 
of man-made dams is flood control (Furuta and Shimatani, 2017; Onuma and Tsuge, 362 
2018), thus, artificial dams should reduce the flood. One possible explanation of that is 363 
our study did not consider the size and types of dams. Other explanation of the 364 
phenomenon is that artificial dams already reduce the frequency of floods and 365 
flood-related natural disasters. In other words, current artificial dams already might be 366 
smoothed the occurrences of floods and related disasters. Onuma and Tsuge (2018) 367 
found that the functions associated with ‘grey’ or ‘green’ infrastructure could change 368 
when other conditions change, such as population increases and natural hazard 369 
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probabilities; therefore, it is important that both grey and green hybrid infrastructure be 370 
considered. Therefore, the next challenge is to evaluate the effectiveness of hybrid 371 
‘grey’ and ‘green’ infrastructure for flood mitigation, the results from which could 372 
contribute to effective land use planning and infrastructure development. 373 
 374 
5. Conclusion 375 
Semi-natural land located near or on the original natural habitat could function as intact 376 
ecosystems. Therefore, this type of semi-natural land could operate as green 377 
infrastructure which could provide several ecosystem services. Although our study 378 
tested the relationship between floods disasters and location conditions of paddy field 379 
only, results showed that paddy field located on the wetland have a similar or the same 380 
ecosystem functions as the original ecosystem. Despite the global interest in and the 381 
green infrastructure, there is still a limited understanding of the functions and influences 382 
of ecosystems (Kobayashi and Mori, 2017; Moos et al., 2016). Although general grey 383 
infrastructure such as dams also provide valuable disaster reduction functions, these 384 
tend to be single rather than multiple functions (Onuma and Tsuge, 2018). Therefore, 385 
increasing green infrastructure could provide several protective benefits for society. 386 
 387 
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Fig. 1. Location of the three prefectures Saitama, Tochigi and Gunma, Japan. None of the 
three prefectures border the sea. 
 
 
Fig. 2. Conceptual image of the flow accumulation value to indicate the potential of 
wetland. Values in the square indicate the elevation; low elevation areas tend to store large 
quantities of water. 
 
 
Fig. 3. Frequency of floods (a) and FAV for paddy field (b) in the study area. Some of the 
municipalities with a low frequency of floods have large values of FAV for paddy field 
(dash line box). 
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Table1. Summary of the variables in target municipals for statistical analysis.
Variables Mean ± S.D.
Number of flooding from 2006 to 201 4.88 ± 2.98
Occurrence of landslide 0.17 ± 0.38
Occurrence of debris flood 0.13 ± 0.33
Area of the municipal 95.93 ± 146.41 k㎡
FAV in total 2,623,240 ± 3,497,157
FAV with paddy field 355,641 ± 663,713
FAV with forest 207,066 ± 518,727
FAV with urban 194,530 ± 335,295
Open water area 489.33 ± 631.16 ㎡
Number of dams 0.67 ± 1.75
Table2. Posterior summary of coefficients for the effects of number of floods in each municipal.
We showed the mean, upper, and lower of 95% credible intervals in each explanatory variable.
95% CI
Explanatory variables Mean Lower Upper
FAV for paddy field -0.03 -0.06 0.00
FAV for forest 0.03 0.00 0.07
FAV for urban 0.10 0.01 0.20
FAV in total 0.12 -0.02 0.26 n.s.
Open water 0.00 0.00 0.00 n.s.
Number of dams 0.05 -0.01 0.12 n.s.
Intercept -1.37 -2.66 -0.11
n.s.: estimated credible interval of coefficient was overlapped 0.
Table3. Posterior summary of coefficients for the effects of occurrence of natural disaster in each municipal.
We showed the mean, upper, and lower of 95% credible intervals in each explanatory variable.
Estimated values for landslides Estimated values for debris flood
Explanatory variables 95% CI 95% CI
Mean Lower Upper Mean Lower Upper
FAV for paddy field -0.11 -0.14 -0.09 -0.16 -0.19 -0.13
FAV for forest 0.62 0.57 0.68 0.57 0.50 0.63
FAV for urban 0.41 0.32 0.50 0.02 -0.07 0.12 n.s.
FAV in total -0.53 -0.68 -0.38 -0.23 -0.40 -0.07
Open water 0.00 0.00 0.00 n.s. 0.00 0.00 0.00 n.s.
Number of dams 0.00 -0.03 0.03 n.s. 0.00 -0.03 0.03 n.s.
Intercept -4.78 -5.99 -3.58 -3.71 -5.09 -2.34
n.s.: estimated credible interval of coefficient was overlapped 0.
